Abstract The molecular dimensions in dilute solution and the linear viscoelastic melt properties of a series of linear ethylene/1-hexene random copolymers with variable short chain branching content are reported. The results obtained from size exclusion chromatography and viscosimetry in dilute solution show a molecular contraction as the branching level increases. Additionally, a clear dependence of the Newtonian viscosity with the short chain branching content at T = 463 K is obtained. Both experimental observations are in agreement with previous experimental results found in ethylene/α-olefin copolymers, but more interestingly with recent full atomistic simulations made in our group in this type of macromolecular systems. The dependences observed can be related to the changes observed in the macromolecular conformational features and also in the equilibration entanglement time and the molecular weight between entanglements as the number of short chain branches increases.
Introduction
The effect of the chemical structure and the molecular architecture on the physical properties of polymers has been paid much attention along recent years, particularly in the case of linear polyolefins, i.e., without long chain branches (LCB), obtained from single-site catalysts (SSC) (Vanden Eynde et al. 2000; Aguilar et al. 2001 Aguilar et al. , 2003 Miyata et al. 2001; Sun et al. 2001; Kilburn et al. 2002; Vega et al. 2003 Vega et al. , 2004 Vega et al. , 2008a Fetters et al. 2005; García-Franco et al. 2005 Lobón-Poo et al. 2006; Expósito et al. 2007; Otegui et al. 2007; Stadler and Münstedt 2008; Mattozzi et al. 2010; Martín et al. 2011 Martín et al. , 2013 . These polymers are regarded as physical models, mostly due to their homogeneous molecular architecture both in macromolecular length and comonomer distributions. A number of studies have reported the effect of short chain branching (SCB) in macromolecular dimensions in dilute solution (Sun et al. 2001) and in macroscopic rheological features as the "plateau" modulus, G 0 N (Miyata et al. 2001; Fetters et al. 2005; García-Franco et al. 2005 Vega et al. 2008a) , or the Newtonian viscosity, η 0 (García-Franco et al. 2006; Stadler and Münstedt 2008) . The effect of SCB on the solid-state structure and the properties has been also profusely investigated (Vanden Eynde et al. 2000; Kilburn et al. 2002; Expósito et al. 2007; Otegui et al. 2007; Mattozzi et al. 2010; Martín et al. 2011 Martín et al. , 2013 . It is noteworthy that some of the experimental facts reported for polyolefins can be adequately described by means of full atomistic Monte Carlo (MC) and molecular dynamics (MD) simulations, including the description of the coil and entanglement dimensions (Ramos et al. 2007 (Ramos et al. , 2008 Baig et al. 2010) , melt dynamics and rheology (Harmandaris et al. 2003 ; Karayiannis and Mavrantzas 2005; Ramos et al. 2008 Ramos et al. , 2012 Stephanou et al. 2010 Stephanou et al. , 2011 , and microstructure and solid-state properties (Doran and Choi 2001; Zhang et al. 2004 Zhang et al. , 2006 Ramos and Martínez-Salazar 2011; Sanmartín et al. 2012) . One of the most interesting rheological features of polymers is the dependence of η 0 on the weight average of the molar mass, M w . For many linear polymers, this dependence is adequately described by the well-known power-law relationship η 0 = K · M α w above a critical value of the molecular weight, M c (Berry and Fox 1968) . The reptation theory (including the contour length fluctuations and constraint release mechanisms) predicts a power-law exponent of 3.4 (de Gennes 1979; Doi and Edwards 1986; Likhtman and McLeish 2002) . The exact experimental value of the exponent and pre-exponent of linear polyethylene (PE) has been a controversial issue for many years (Aguilar et al. 2001 and references therein). Indeed, values of the exponent α from 3.33 to 3.64 can be found in the literature. In general, limited molecular weight intervals have commonly been studied. This fact and the uncertainty in the measurement of the molecular weight distribution (MWD) and/or in the estimation of η 0 could be the cause of the deviations found in the exponential constant. Data for monodisperse fractions and single-site (narrow MWD) linear PE at T = 463 K follow a power-law correlation with a critical exponent of 3.41 up to a value of M w of around 10 6 g mol −1 (Aguilar et al. 2001; Vega et al. 2003 Vega et al. , 2004 : 
Above M w = 10 6 g mol −1 , the power-law dependence seems to reach an exponent close to 3.0, as expected by the pure reptation theory (Vega et al. 2004 (Vega et al. , 2011a . The effect of α-olefins acting as comonomers is still a matter of discussion. García-Franco et al. (2006) reported a regular dependence of η 0 on the copolymer composition at T = 463 K in ethylene/1-butene copolymers. These authors suggested an unexpected role of the molecular weight per backbone bond, m b , in this correlation. By the other hand, Stadler and Münstedt (2008) did not observe differences between linear PE and copolymers of ethylene and long α-olefins at T = 423 K. In this work, we investigate the effect of SCB in molecular dimensions and the linear viscoelastic behavior of ethylene/1-hexene copolymers (from now, EH copolymers) with narrow MWD and SCB contents in the range from 0 to 42 butyl branches/1,000 C atoms, i.e., up to 25 wt.% in 1-hexene comonomer. The experimental results are compared to those obtained by mapping recent MC and MD simulations (Ramos et al. 2008 onto the reptation theory.
Methodology

Materials
The samples listed in Table 1 were synthesized using single-site catalysts. The samples EH00 and EH10 were supplied by Repsol-YPF as nascent powder (Aguilar et al. 2001 . The rest of the samples, from EH15 to EH42, were experimental materials synthesized using the commercial constrained geometry catalyst (CGC) [Me 2 Si(Cp*)(N t Bu)]TiCl 2 (from Boulder Sc. Co., USA) and the cocatalyst methylaluminoxane (MAO) purchased from Witco GmbH (Germany, 10 wt.% MAO in toluene). The details about the polymerization process can be found elsewhere (Vega et al. 2008a) . Certain aspects about the rheology of these samples have been previously studied, as for example, the relationship between η 0 and M w for linear PE (Aguilar et al. 2001) , and the effect of comonomer in the flow activation energy, E a , and in the "plateau" modulus, G 0 N (Vega et al. 2008a) . One important question about the samples concerns the molecular architecture, i.e., the presence or not of LCB. EH00 and EH10 samples have shown the typical viscoelastic fingerprint of linear polyolefins. In fact, the relaxation spectrum can be adequately described by means of the reptation theory applied to linear species (Aguilar et al. 2001; Vega et al. 2003 Vega et al. , 2004 . However, many single-site catalysts, including the CGC used to produce EH15 to EH42 samples, have been widely reported to incorporate LCB. This fact may induce to suspect the presence of LCB in the materials studied. Notwithstanding, it has been also observed by us and other authors that the presence of enough comonomer in the feed during polymerization process can lower and even avoid the presence of LCB (Malmberg et al. 1998; Kokko et al. 2000; Walter et al. 2000; Piel et al. 2006; Stadler et al. 2006a; Yang et al. 2010; Vega et al. 2011a, b) . We have then to test first the absence of LCB in these samples. It is well-known that they effectively affect to the linear viscoelastic response in the melt and especially to η 0 , as we and other authors have repeatedly reported (Vega et al. 1998; Malmberg et al. 1999; Wood-Adams et al. 2000) .
Comonomer content
The EH copolymers were analyzed by 13 C-NMR to obtain the comonomer content. The samples were dissolved in hot 1,2,4-trichlorobenzene (TCB) and d 6 -benzene. Spectra were recorded at 373 K on a Bruker DRX 500 spectrometer operating at 75 MHz. The pulse repetition rate was 1.5 s; the pulse angle 90 • and at least 2000 pulse sequences were recorded. Carbon signals and comonomer contents were assigned and calculated according to Randall (1989) . Aguilar et al. (2001 Aguilar et al. ( , 2003 ; Vega et al. (2008a) b Vega et al. (2008a) c Average values obtained using three sets of independent dynamic and creep measurements, including that of reference Otegui et al. (2013) The comonomer content, expressed as the number of butyl branches every 1,000 carbon atoms is listed in Table 1 .
Molecular weight distribution
The MWD of the EH copolymers was determined by means of high-temperature size exclusion chromatography (SEC) analyzer Waters 150C, equipped with refractive index (RI) and viscometer (V) detectors. All measurements were conducted at a flow rate of 1 mL min −1 and at temperature of 418 K using TCB as solvent. To accurately calibrate a column, we have obtained the hydrodynamic volume, which is the product of the molecular weight, M; and the intrinsic viscosity, [η] , and the retention volume using monodisperse polystyrene standards (universal calibration). The viscometer detector makes this possible because it directly measures [η], which is inversely proportional to the molecular density of the polymer coil. The molecular weight of the fractions of the materials under study has been estimated from the intrinsic viscosity values together using the hydrodynamic volumes obtained from of the universal calibration. True molecular weights can be obtained in this way independently of the chemical and molecular structure of the polymers and the calibration standards (Grubisic et al. 1967 Sun et al. 2001; Vega et al. 2011a, b) .
Rheological measurements
Antioxidative stabilizers (0.5 wt.% Irganox 1010 and 0.5 wt.% Irgafos 38, Ciba SC) were added to the EH samples. The stabilized samples were compression-molded into disk-shape specimens (15 and 25 mm in diameter) at 433 K, using a pressure of 120 bars for 5 min and subsequently quenched to room temperature. The films thickness was adjusted to 1 mm, a suitable one to meet the requirements of the rheological technique. Small-amplitude oscillatory viscoelastic measurements were carried out in a Bohlin CVO stress-controlled rheometer using the parallel disk geometry, covering an angular frequency range between 6.28 × 10 −2 and 6.28 × 10 2 rad s −1 , well inside the linear viscoelastic region (shear strain lower than 0.1). The temperature range of measurements was from melting temperature to 478 K. We have performed independent measurements at the different temperatures and with fresh sample in order to avoid possible effects of the geometry expansion. The shear dynamic moduli, G and G , were measured as a function of the angular frequency, ω, at the different temperatures. Three independent measurements have been performed with all the samples studied. The standard deviation obtained between different measurements is less than ±5 %. Please refer to previous works for additional physical properties of the materials under study (Otegui et al. 2007; Vega et al. 2008a; Martín et al. 2011 Martín et al. , 2013 .
Creep measurements were also performed in order to additionally test the rheological response of the samples. The tests were carried out using 15 and 25 mm parallel plate and/or cone-plate geometries. We have ensured that the measurements were conducted in the linear viscoelastic regime and that the steady state was reached by applying different stresses, τ 0 . It was proven that the stresses applied were within the linear viscoelastic regime (between 12.5 and 200 Pa depending on the sample studied). The time-dependent deformation γ (t) was measured. The quotient of the deformation and the applied stress is the creep compliance, J(t):
being J 0 the instantaneous elastic compliance, (t) the creep function, and t/η 0 is the irreversible contribution to the deformation. If the creep time is sufficiently long, (t) will reach a constant value and η 0 reads as follows:
Atomistic model simulations Three 20-chain ethylene/1-hexene copolymer models, containing different SCB content (0, 19, and 55 branches per 1,000 C atoms), were built following the algorithm presented by Ramos et al. (2007) . The branches were randomly placed along the backbone. These systems were equilibrated using connectivity-altering MC moves, which have been shown to equilibrate SCB polyolefins at all scales (Ramos et al. 2007 (Ramos et al. , 2008 Moorthi et al. 2013 ). The equilibrated structures have an average length in the main chain of 1,000 united atom units and a polydispersity index of around 1.05. Then, we can consider the systems as well entangled polymeric melts. The averaged length of the cubic simulation box was around 8.5 nm, which is 1.5-1.7 times higher than the radius of gyration. After the MC equilibration, the atomistic molecular dynamics simulations were performed under constant pressure (1 atm) and temperature (450 K) (NPT ensemble), implemented via Nosé-Hoover Langevin piston method. The equations of motions were integrated along 200 ns with the velocity Verlet algorithm. To speed up the process, a multiple time step method was used (reversible reference system propagator algorithm, rRESPA). In this work, we have used a δt = 1 fs for the bending and torsional potential and t = 5 fs for non-bonded interactions. The radius of gyration can be obtained from either MC or MD simulations. Both simulations yielded similar values for R 2 0 and R 2 g ). However, the interesting features for this work are the entanglement relaxation time, τ e , and the tube diameter, a, both independent on M w and MWD.
In the reputation framework, each chain is confined to a tube, which is a Gaussian random-walk with an effective step length, a, related to the mesh size of the network, i.e., the distance between entanglements or the tube diameter. At early times, the strands of an entangled chain do not feel the constraints imposed by the neighbors. According to the Rouse model, a time power-law dependence with exponent 1/2 for mean square displacement of the innermost backbone segments, g 1 (t) ∼ t 1/2 , is expected. At a characteristic time, τ e , the chain starts to feel the constraints of its neighbors, and the entanglements begin to control the dynamics of the system. For times longer than τ e , the chain moves along as if it were confined in a tube created by the surrounding chains, and a new time dependence emerges, g 1 (t) ∼ t 1/4 . These features can be obtained from the mean squared displacement values calculated from MD simulations (Ramos et al. 2008 . The interested reader is referred to references (Ramos et al. 2007 and Moorthi et al. 2013 for both a more detailed description of the computational methods and additional discussions on the calculated properties. The values obtained for τ e and a obtained in these works are in good agreement with those obtained by other experimental methods like Neutron Spin Echo (Wischnewski et al. 2003) or by applying reptation theories to linear viscoelastic response (Chen et al. 2010) .
Results and discussion
Molecular dimensions: the contraction factor
The results obtained for the [η] − M relationship of the EH samples in TCB at 433 K are compared in Fig. 1 . There is a clear shift from the linear EH00 sample due to the presence of 1-hexene in the SCB samples. This result indicates an important effect of branching in solution properties, and it can be attributed to both LCB and SCB. However, LCB samples usually exhibit a typical shape intersecting the data for the linear sample in the low molecular weight region and showing largest deviations in the high molecular weight region of the distribution (Wood-Adams et al. 2000) . SCB does not have a significant effect on the slope of the curve (Aguilar et al. 2001; Cote and Shida 1971; Crouzet et al. 1969; Drott and Mendelson 1970; Rachapudy et al. 1979; Raju et al. 1979; Shroff and Mavridis 1999; Sun et al. 2001; Scholte et al. 1984; Vega et al. 2011a, b; Williamson and Cervenka 1972; Wood-Adams et al. 2000) . The average value for the EH copolymers is 0.660 (see Table 1 ), which is quite similar to that found by Sun et al. (2001) for ethylene/1-hexene and other copolymers in the range of wt.% comonomer content from 5 to 100 %. The results are also in agreement with those obtained by Wood-Adams et al. (2000) in ethylene/1-butene copolymers in the wt.% comonomer content from 11 % to 21 %. A graphical treatment of their results gives rise to values of 0.73 for the linear HDPE and 0.66 for the copolymer with the highest 1-butene content.
We have used the SCB contraction factor, g SCB , defined by Sun et al. (2001) to express the effect of SCB on the intrinsic viscosity or, in other words, on chain dimensions. Similarly to the LCB index, the SCB contraction factor can be obtained from intrinsic viscosity measurements as:
for the same molecular weight and assuming adherence to the linear homopolymer hypothesis. Although with a narrow MWD, our materials are polydisperse. For this reason, Eq. 4 has been applied for each fraction of the MWD being the value considered for g SCB the average given by:
In this expression, w i is the weight fraction of each component of the MWD. The experimental values ofḡ SCB are plotted against the weight comonomer fraction, W, in Fig. 2 . It has been proposed that the effect of comonomer composition and type on the molecular dimensions in copolymers of ethylene/α-olefins can be explained by considerations based solely on backbone length (Sun et al. 2001) . This model considers that SCB does not contribute to the conformation of the backbone nor they affect to the molecular dimensions, then the molecular dimensions are equal to those of the backbone alone. Thus, the presence of SCB brings in the extra mass of the side group and would alter the relationships of hydrodynamic properties to M (the shift to higher values of M as the SCB content increases in Fig. 1 ). Sun et al. (2001) established the following formula describing the effect of comonomer on the macromolecular size according to the backbone model in copolymers of ethylene/1-hexene:
The exponent of 1.11 is obtained from the expression 2(1 + ) and (red squares) (Moorthi et al. 2013) represent the values obtained by means of the MC simulations; the dotted line represents the results obtained by the application of the backbone model (Eq. 6). The error bars represents the standard deviation obtained from 10 independent measurements the references Ramos et al. (2007 Ramos et al. ( , 2012 ; Moorthi et al. (2013) for more detailed information):
Both the backbone model prediction and those obtained from the simulations are also shown in Fig. 2 . The decrease in the contraction factor observed experimentally and in the simulations is quite similar than that predicted by the backbone model. However, the uncertainty in our experiments is quite large in some of the samples (up to 10 %), and thus it is difficult to extract further conclusions. Notwithstanding, the observations go in the same direction suggested by Sun et al. (2001) , as they affirmed that although the backbone model has some qualitative value, it is inappropriate when qualitative estimations are required. The simulations actually predict a slightly stronger dependence of the macromolecular contraction that may suggest that factors of a more detailed structural nature than the envisioned by the backbone model could be important. In fact, the atomistic simulations performed in our EH copolymers predict that the trans conformation population on the backbone bonds decreases as the number of SCB increases and, at the same time, both gauche + and gauche − states increase (Ramos et al. 2007 ). Moorthi et al. (2013) have recently obtained the same results in model copolymer of ethylene with 1-butene, 1-hexene, 1-octene, and 1-decene, in good agreement with our experimental and simulated results. These results have been also included in the figure. Moorthi et al. (2013) proposed a chain model with symmetrically hindered rotation to link chain dimensions with backbone conformational properties, and more precisely with the backbone torsional angle, ψ (Mattice and Suter 1994) . The determination of these torsional angles readily gives rise to a decrease in the population of trans states along the backbone and therefore a decrease in | cos ψ | as the amount of SCB increases. Additionally, the local packing is also affected, as it is demonstrated by the changes the peak position of the intermolecular pair distribution function with the SCB content, which indicates a stronger exclusion of segments coming from other chains at distances shorter than the radius of gyration as the SCB increases (Ramos et al. 2007 ).
Linear viscoelastic response
In a previous work (Vega et al. 2008a ), we applied the timetemperature superposition principle to the linear viscoelastic features in the temperature range tested to the samples studied using the methodology described by Mavridis and Shroff (1992) . This methodology is virtually the same as that used by Stadler et al. (2007) or by Keßner et al. (2010) to determine the values of the flow activation energy, E a , in a series of ethylene/α-olefin copolymers. This methodology exploits phase angle, δ, versus angular frequency, ω, plots to determine the temperature shift factors and E a . These representations have been proved to be independent of geometry factors and therefore insensitive to possible measurement errors. The E a values determined in such a way are listed In Table 1 for the different samples. The copolymers exhibit higher E a values than the linear sample. The increase of E a with SCB content has been previously reported in ethyl branched models (Arnett and Thomas 1980) , ethylene/α-olefin copolymers (Vega et al. 1998; Stadler et al. 2007; Keßner et al. 2010) , and ethylene/styrene copolymers (Vega et al. 2011a, b) . A linear correlation was found by Stadler et al. (2007) between E a and the side chain weight content for a set of 10 linear ethylene/α-olefin copolymers. More recently, Keßner et al. (2010) have suggested a dependence of E a not only on the comonomer content but also on the length of the aliphatic side branches. Our results, and others taken from the literature for linear and SCB samples (Mavridis and Shroff 1992; Utracki and Schlund 1987; Wood-Adams 1998) , follow a quite similar trend to that observed by Stadler et al. (2007) , as it can be observed in Fig. 3 . The result obtained experimentally for the linear EH00 sample is 25.0 ± 2.0 kJ/mol, inside our average obtained for a number of samples synthesized by single-site catalysts (22.9 ± 2.5 kJ/mol) (Aguilar et al. 2001; Vega et al. 2008b; Otegui et al. 2013) using the same experimental methods and mathematical procedures. This value seems to be only slightly lower than the usually reported for HDPE, around 27.5 kJ/mol (Wasserman and Graessley 1996) . A deep revision of the literature can give us an interesting view about the variability of this feature in linear PE (obtained by Mavridis and Shroff (1992) ; (red diamond) conventional ZN-LLDPE's from Utracki and Schlund (1987) . The solid line represents the fit to Stadler et al. (2007) data the application of time-temperature superposition method to rheological features). Mavridis and Shroff (1992) and Starck et al. (2002) found values between 24.0 and 27.5 kJ/mol. A broader range was estimated by Ariawan et al. (2001) , with values of E a located between 20.0 and 28.0 kJ/mol. These authors suggested an effect of the MWD and M w in the temperature dependence of the rheological properties of HDPE, as in the case of the LLDPE samples studied by Kazatchkov et al. (1999) . Even lower values (17.0-20.0 kJ/mol) have been reported by Hussein et al. (2006) , but in this case, a different method than the time-superposition principle was used for the determination of E a . The result considered for our linear sample is within the range reported for HDPE with narrow MWD, which is the common molecular variable of all the materials studied here. For consistency, we will keep the value obtained by us in EH00 sample as the corresponding to linear HDPE with narrow MWD, but we will still retain the range found between 20.0 and 28.0 kJ/mol to further test the rheological results below.
To consider the temperature variation of the rheological properties of the samples is critical, as the dependence of basic linear properties with molecular architecture could be affected by the selected experimental temperature. The application of the time-temperature superposition to the linear viscoelastic properties of the samples measured at the different temperatures gives rise to the results shown in Fig. 4 considering a reference temperature of T 0 = 463 K. The superposition of the data is excellent in all the cases, pointing towards the typical thermorheological simplicity of polyolefins without LCB (Mavridis and Shroff 1992) . Additionally, all the materials studied show the typical shear dynamic behavior of linear entangled and flexible polymers within terminal to "plateau" regimes. The systems show a trend to the expected behavior at very low frequencies (G ∼ ω 2 and G ∼ ω), envisaged by the linear viscoelasticity theory and also by the reptation model. The values of η 0 at 463 K (Table 1) were estimated from the G master curves, using the scaling laws of the general linear viscoelastic model (Ferry 1980) :
The values of G (ω)/ω were nearly constant at the lowest angular frequencies, and a reasonable estimation of η 0 is possible for all the samples. At this point, it is of interest to test the fundamental nature of the values of η 0 obtained. A plot of the dynamic moduli normalized by G 0 N (Vega et al. 2008a and Table 1 ) against the angular frequency normalized by the reciprocal of the number-average relaxation time η 0 /G 0 N has been constructed (see Online Resource 1). These normalization yields an outstanding superposition of the shear moduli onto a single curve regardless the composition of the copolymers, implying universality in terminal region of flexible entangled polymers. The results are also in very good agreement with those obtained by García-Franco et al. (2006) for linear ethylene/1-butene copolymers (also included in the figure) . The scattering at low frequencies can be attributed to the particularities of the MWD in each family of materials. This result points towards an identical large scale molecular architecture of the samples studied, or in other words a fundamentally linear structure.
The van Gurp-Palmen shows the evolution of the phase angle, δ, versus |G * | or alternatively |G * |/G 0 N (Trinkle and Friedrich 2001; Trinkle et al.2002; van Gurp and Palmen1998) . This representation of the linear viscoelastic properties is very helpful to learn about the effect of MWD and LCB in polyolefins Kokko et al. 2002; Malmberg et al. 2002; Piel et al. 2006; Stadler et al. 2006a, b; Vega et al. 1999; WoodAdams et al. 2000) . Besides, this plot has the advantage that no M w normalization is needed to compare different Figure 5 shows the behavior of δ as a function of |G * |/G 0 N in the materials studied. This normalization causes the different curves to collapse onto a single one regardless of the comonomer content. This result is in close agreement with that obtained previously in ethylene/1-hexene copolymers without LCB and M w /M n values of around 2-3, indicated as the continuous thick line in the figure (Vega et al. 1999 ) and with results obtained by other authors for linear polyolefins with similar MWD (see Online Resource 2).
In the complex plane, the representation of the out-ofphase component of the complex viscosity, η , against the dynamic viscosity, η , known as the Cole-Cole plot (Cole and Cole 1941) , is a circular arc. The materials studied have shown nearly identical reduced Cole-Cole plots as it can be observed in Online Resource 3. All polymers follow a closely symmetric master curve, demonstrating again an identical linear viscoelastic fingerprint in the terminal zone, independent on the SCB content. In this kind of plot, the effect of M w is eliminated, and only the MWD and/or the presence of LCB would cause deviations of the general trend (Vega et al. 2011a, b) . The result is in agreement with a closely similar MWD of all the materials studied, as it is demonstrated by the molecular characterization shown in Table 1 . All the samples show a characteristic lognormal distribution of the MWD (see Online Resource 3 for the case of EH23), which is controlled by the catalysts and the polymerization conditions. The result obtained can be further explored if one compares the experimental result obtained with that expected by the double reptation approach applied to the experimental MWD obtained by SEC (Garcia-Franco and Mead 1999) . The quality of the comparison is very good as it can be seen in Online Resource 3. Also shown in this figure is the expected result obtained for a Schultz MWD with identical polydispersity index to that measured for the polymers using SEC. We refer to the reader to previous references for details about the application of reptation model (Ramos et al. 2008; Vega et al. 2003 Vega et al. , 2004 .
Definitively, the values of η 0 obtained from G should correspond to SCB samples without LCB, and then the η 0 − M w relationship can be investigated. However, we have further tested the values of η 0 and E a : (1) first we have obtained the values of η 0 at 423 K by using those obtained at 463 K and the E a values listed in Table 1 , and (2) second, we have compared the values obtained with those measured experimentally by creep measurements at 423 K. The results of the creep experiments can be observed in Fig. 6 . In order to guarantee the linearity of the viscoelastic response in these experiments, the results obtained at different shear stresses, τ 0 , are compared (between 1.56 and 200 Pa, depending on the sample). All the samples show linear behavior in the shear stress range explored. At long creep times, the creep compliance, J c , show a straight line of a slope 1 in the double logarithmic plot, which is equivalent to the sample plateau in t/J c versus t plot independently of the applied stress (see Online Resource 4). The difference among three independent measurements at different shear stress values is less than 2 %. This demonstrates that for the samples investigated, the steady state of creep is obtained and that the determination of η 0 is possible, by means of the application of Eq. 3. The results of η 0 obtained from these experiments are listed in Table 1 , being in perfect agreement with those obtained previously from the dynamic measurements. It should be noted that again a superposition of the creep data onto a universal curve is possible; using again the corresponding G 0 N and η 0 values as normalization variables (see Online Resource 5).
We have plotted both the η 0 values obtained at 423 and 463 K, together with the corresponding power laws at those temperatures in linear PE samples in Fig. 7 . We have considered for the construction of the power laws our own results given by Eq. 1, tested over more than 50 linear PE fractions and model single-site catalyzed PE samples at 463 K (Aguilar et al. 2001; Otegui et al. 2013 ). The power law at 423 K plotted in Fig. 7 has been obtained by applying the corresponding shift factor with E a = 25.0 ± 2.0 kJ/mol. We have included in Fig. 7 those correlations at 423 K obtained by using the minimum and maximum values reported in the literature of 20.0 and 28.0 kJ/mol (dashed lines), as discussed previously. The uncertainty found in η 0 , due to the variability of the values of E a from the different sources, is of ±10 %.
What it seems clear from Fig. 7 is that our SCB samples do not fit the behavior of linear PE at 463 K. All samples have values of η 0 up to 50 % lower than those expected for linear PE samples with the same M w . Interestingly, all effects acting on η 0 compensated each other at temperatures close to 423 K, a fact that Stadler and Münstedt (2008) attributed to a balance between the shortening of the backbone and the lengthening of the relaxation process as branching increases. A direct connection between the values of η 0 and entanglement features, τ e and M e , can be envisaged within the reptation framework. Both characteristic features have been obtained by atomistic MD simulations in model entangled EH random copolymers at 450 K. We recall the references by Ramos et al. 2007 Ramos et al. , 2008 Ramos et al. , and 2012 , in which all the details about the atomistic simulation and the entanglement features obtained are described. In these systems, the simulated values of the mean square monomer displacement, g 1 (t), follow two domain functions proportional to t 1/2 and t 1/4 within the short and the long time, respectively. The intersection of these two lines takes place at time t* and monomer mean-square displacement g 1 (t * ). From these characteristic values, the entanglement features, τ e and a, can be determined as: τ e = 36t * /π 3 and a 2 = 3 g 1 (t * ) (Likhtman and McLeish 2002) . Moreover, the Doi and Edwards (1986) theory directly relates M e with a and the mean square end-to-end distance-molecular weight ratio, R 2 0 /M, already obtained in the simulations:
The values of all the parameters involved in Eq. 9, together with the values of τ e , all obtained from the atomistic simulations, are listed in 
We have compared the experimental variation obtained in η 0 with SCB at 463 K in our samples with that estimated from the application of the reptation model by mapping the simulated M e and τ e values onto Eq. 10. We have used the corresponding values of E a in order to extract the corresponding value of a T for the extrapolation of the simulated values of τ e to 463 K (see Table 2 ). The differences between the values of M e at 450 and 463 K are less than 3 %, as judged by the low values of the vertical shift factor b T ∼ ρ 0 T 0 /ρT (Mavridis and Shroff 1992) . The experimental relative change in the values of η 0 of the samples (η 0B ) with respect to the corresponding to the linear PE sample (η 0L , given by Eq. 1) as a function of the average molecular weight per backbone bond, m b , is observed in Fig. 8 . We have included in this figure the literature results obtained at 463 K for single-site catalyzed ethylene/propylene and ethylene/1-hexene copolymers (Miyata et al. 2001) , ethylene/1-octene copolymers (García-Franco et al. 2005) , and ethylene/1-butene copolymers (García-Franco et al. 2006) . The values of η 0 for the ethylene/1-octene series are not directly available in García-Franco et al. (2005) . We have demonstrated in previous works that η 0 is directly proportional to the relaxation time associated to the crossover modulus (G = G ), λ x = 1/ω x (Vega et al. , 2004 . The values of λ x together with those corresponding to the plateau modulus, G 0 N , at 463 K are listed in Table 2 in García-Franco et al. (2005) , and then the relative change a quantity λ xB G 0 N B , related to η 0B , is available for these polymers. We have extracted the values of τ xL G 0 N L for linear polyethylene from our previous works (Vega et al. , 2004 (Vega et al. , 2008b Ramos et al. 2008) Table 2 Mean square end-to-end distance-total molecular weight ratio R 2 0 /M, contraction factor g SCB , step length of the primitive path, a, entanglement molecular weight, M e , and entanglement relaxation time, τ e , as a function of the branch content obtained from MC and MD simulations in model EH copolymers taken from the our previous works (T = 450 K) (Ramos et al. 2007 (Ramos et al. , 2008 a This value is slightly higher than the reported in our reference Ramos et al. (2008) at the same temperature. Note that the definitions used to obtain τ e are slightly different in both Ramos et al. 2008 and to obtain the corresponding reduced values. From the results in Fig. 8 (Table 2) , which is similar to that experimental one (20 %) good qualitative agreement with those obtained in our EH samples and also with the experimental results from other authors. The mapping procedure indicates that the effect of SCB on both τ e and M e seems to modulate the dependence of η 0 on molecular architecture. The balance between τ e and M e values causes that for a given M, the increase in M e values dominates the entanglement dynamics, by means of the term (1/M e ) 3.4 in Eq. 10, even though the dynamics of the system at the scale of the tube diameter is hindered (higher values of τ e ) due to the incorporation of SCB. It is worth to point out also that the differences found in E a should cause also different dependencies than the observed in Fig. 10 if the measurements are performed at other temperatures, since in Eq. 10, temperature affects only τ e .
in order
Conclusions
We have compared in this work Monte Carlo and molecular dynamics with experimental conformational and rheological results obtained for model ethylene/1-hexene copolymers. In previous works, a reduction of the macromolecular coil size using full atomistic Monte Carlo and molecular dynamics simulations on this specific type of polyolefins was predicted. It seems that the reduction is caused by changes on the backbone torsional angle induced by the presence of short chain branches. The prediction agrees with the contraction of the macromolecular coil size obtained from dilute solutions in model ethylene/1-hexene copolymers synthesized in our laboratories as the amount of short chain branches increases. An interesting increase of both the relaxation time of the entanglement strand and of the molecular weight between entanglements, as defined by Doi and Edwards (1986) , is also predicted, in accordance with the literature. Both changes have an effect on the linear viscoelastic response, and more precisely on the relationship between the Newtonian viscosity and the molecular weight of the polymers. At high temperature, T = 463 K, and at a given value of the molecular weight, a clear experimental decrease of Newtonian viscosity as short chain branching increases is found. This decrease can be probed by mapping the simulated values of the entanglement features in the reptation framework. The mapping shows that the balance of both the relaxation time of the entanglement strand and the molecular weight between entanglements qualitatively explains the variations of Newtonian viscosity with short chain branches content.
